Black hole radiation spectrum in LQG: Isolated Horizon framework 
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Recent detailed analysis within the Loop Quantum Gravity calculation of black hole entropy 
shows a stair-like structure in the behavior of entropy as a function of horizon area. The non-trivial 
distribution of the degeneracy of the black hole horizon area eigenstates is at the origin of this 
behavior. This degeneracy distribution is analyzed and a phenomenological model is put forward to 
study the implications of this distribution in the black hole radiation spectrum. Some qualitative 
quantum effects are obtained within the Isolated Horizon framework. This result provides us with 
a possible observational test of this model for quantum black holes. 
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I. INTRODUCTION 

Black hole radiation is one of the most outstanding features of quantum gravity. Its study is one of the pivotal 
points of any approach to such a theory. The semiclassical behavior of this effect was derived out by Hawking [l| , but 
some kind of fine structure is expected to arise within a full theory of quantum gravity. 

In Loop Quantum Gravity (LQG) the best established framework for the study of black holes is the Isolated Horizon 
quantization proposal Q ■ This approach provides a description of the detailed quantum configurations of a black hole 
in terms of quantum geometrical states. Considering these states, one can obtain a microscopical description of the 
black hole entropy @, H i, H, @] . 

Recently, an explicit computational counting of those states has been carried out 0, 0] , allowing to find a stair- like 
behavior in entropy as a function of area, that had remained hidden until then. The non-trivial distribution of the 
black hole horizon area eigenstate degeneracy is found to be at the origin of this behavior. More specifically, the most 
degenerate eigenstates accumulate around certain evenly spaced values of area. The implications of this structure can 
be extended to other black hole properties. In particular, in this paper we will focus on the qualitative picture for the 
black hole radiation spectrum that one can extract from this feature. 

Within LQG, the dynamics producing the black hole radiation process is not well established (some recent works 
about this topic are [8[); this allows one to study the spectroscopy only at the kinematical level. Some works have 
been done in this direction [j^ [l(| and also [ll|, but on the basis of certain additional assumptions. In this last 
reference, it was claimed that the Isolated Horizon framework does not provide any quantum gravity imprint in 
the black hole radiation spectrum. Here we shall explain how this framework provides, in fact in a natural way, a 
quantum imprint in the black hole radiation spectrum at the kinematical level, without any modification of the initial 
hypothesis. Furthermore, we will obtain a picture compatible, in some sense, with Bekenstein's conjecture fl2j as a 
first approximation. Substantially different qualitative features arc expected to arise, however, when a more complete 
analysis of the full set of states in LQG is considered. These results could open a window for some hypothetical 
observational tests of the model, although one should be cautious about this possibility, as dynamics could introduce 
important modifications. 



II. ISOLATED HORIZON CANONICAL QUANTIZATION AND EXPLICIT STATE COUNTING 

Let us briefly review the Isolated Horizon quantization framework. In this approach, black holes are treated in an 
effective way, since the Isolated Horizon is introduced from the outset as an inner boundary of the spacetime manifold 
before the canonical quantization procedure is carried out. Given a fixed area A$ for the black hole horizon, the states 
that have to be considered arise from a punctured spherical surface, where punctures carry some 'quantum' labels that 
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must satisfy two constraints: compatibility with the horizon area and a quantum analogue of Gauss-Bonnet theorem 
that ensures the spherical topology of the horizon. For a detailed description of such procedure, see 0. 

LQG has a quantization ambiguity due to the presence of a free real parameter 7, the Barbero-Immirzi (BI) 
parameter (l3| . which gives rise to inequivalent quantum theories. The entropy calculation in LQG recovers the 
functional relation of entropy vs. area up to this parameter. The standard procedure is to impose the Bekenstein- 
Hawking entropy-area law [H, [3| for large black holes in order to fix the value of 7. In addition, a logarithmic 
correction with a —1/2 coefficient is obtained; this term turns out to be independent of the value of the BI parameter. 

There is another possible source of ambiguity, since there are two possible choices of labels to describe the black 
hole horizon states which contribute in the entropy calculation (for details see [1, H, Hj] ) . The main difference between 
both models is that they give rise to different values for the Bl-parametcr (7) as a result. Which is the proper choice 
of labels that should be considered for the computation of black hole entropy is, by itself, a very interesting (still 
open) problem, that involves subtleties in the splitting of the horizon and bulk degrees of freedom. Nevertheless, the 
degeneracy distribution that we are going to analyze here was found in Q to be independent on this choice of labels, 
so we are not concerned with this problem now. Furthermore, this model independence gives some robustness to the 
result and seems to point out that this effect is an intrinsic feature of the Isolated Horizon framework. 

Let us then summarize the results that were obtained in 0, @] with the exact counting of states. In order to 
make a microcanonical analysis, representative states of the black hole horizon are assumed to have two labels (j, m) 
assigned to each puncture, where j is a typical spin- like number j = that carries information about 

area, and m is its corresponding projection, satisfying m = {—j, —j + 1, j}, which carries information about the 
curvature of the horizon (through the Isolated Horizon boundary conditions). An explicit choice between the two 
possible assignments of labels for the horizon states has been made at this point, attending to consistency with the 
microcanonical framework (the other possible choice only takes into account the m labels, but considering also j allows 
us to have a definite value of area for each microstatc, which is needed to treat the system as a proper microcanonical 
ensemble). Anyway, as pointed out above, this choice does not affect the results we are going to analyze. Thus, the 
two constraints that states must satisfy take the explicit form: 

N 

A -6< 8^1% J2 y/j P U P + l)<Ao + S, (1) 
P =i 

where d is an area of the order of Planck scale and p labels the different punctures, i.e., the sum of the area contributions 
of each puncture equals the total horizon area (within a certain tolerance interval) , and 

N 

^m p = 0, (2) 

P =i 

which implements the condition of a spherical horizon. With this definition of states, the value 7 = 0.274 for the 
Bl-parameter is obtained 0, 0, HH . 

When a brute force analysis of states is performed, what it is being counted, roughly speaking, is all the different 
ways to combine the labels (j, m) (for any possible total number of punctures) that are consistent with the above 
constraints and with the distinguishability of punctures as it is explained in [|| . The logarithm of this number is then 
taken in order to obtain the corresponding entropy. When this analysis is done for increasing values of the horizon 
area Aq, the asymptotic linear behavior of entropy is rapidly recovered, even for small values of far below the large 
area limit in which the Isolated Horizon framework of LQG was originally formulated. Moreover, we can verify the 
emergence of a logarithmic correction, due to the introduction of the constraint ©, with a coefficient of value —1/2. 
These facts give one some confidence in the relevance of performing such a counting even though, due to running time 
computational limitations, one is restricted to work in a small horizon area regime (as the number of states to be 
counted grows exponentially with area, it is not possible to compute arbitrarily large areas in a reasonable time) . Of 
course, the results obtained in this regime cannot be lightly extrapolated to the large area regime, and the algorithm 
should be optimized in order to reach larger values of area. Nevertheless, to explore the predictions of the LQG 
framework in this Planck scale limit is, by itself, an interesting subject which could help us to gain some insight into 
the behavior of microscopical black holes. 

There is a surprising additional feature that has been obtained. A staircase structure (Fig. [T]) is found when one 
plots the entropy as a function of the horizon area Q. Entropy increases with the area by discrete equidistant steps. 
This means that, in some sense, entropy is discretized within the LQG approach. The area interval where the entropy 
is almost constant (the width of each step in the stair) is given by AA ss 2.41.... 

At this point one may ask whether this behavior would be recovered with the other possible choice of states and 
counting prescription, as given in Q . The answer is affirmative, as was pointed out in Q , so the same entropy staircase 
is obtained within the model of Domagala and Lcwandowski, but this time with a step width of AAdl ~ 2.09.... 
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FIG. 1: Plot of the results for the entropy as a function of area (in Planck units) obtained with the computational counting. 
The stair-like behavior is observed. 
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FIG. 2: Degeneracy (number of different horizon states in each area interval of 0.01£ 2 P ) is plotted. States accumulate around 
some equidistant area values. 



The relevant fact is that the value of AA turns out to be proportional to the value of 7 obtained in each model: 

A A = X7 4, (3) 

where x ~ 8 In 3 (although still there is not any analytic proof for x to take this value, it has been recently found 
[l|| [TtJ that the numerical coincidence holds, at least, up to an accuracy of a part in 10 4 ). 

The fact that the stair-like behavior is independent of the choice of states is somewhat unexpected and seems to 
point out that this result is an artifact of neither the definition of horizon states nor the computational counting of 
them In fact, the staircase has its origin in the LQG area spectrum itself [l8[ and the structure of the eigenstate 

degeneracy distribution obtained when imposing the constraint @. 

As one can notice from (Fig. [2]), the degeneracy of horizon area eigenstates is distributed following a structure 
with bands, where on each 'band' there is a particular peak on the number of states, around which most of the 
states accumulate. The separation between peaks is approximately equidistant in area. The area gap between two 
consecutive peaks of degeneracy is just AA. The contribution to the entropy from the states at the peaks is several 
orders of magnitude higher than the contribution of the rest of the spectrum (states out of the peaks). This behavior 
of the black hole state degeneracy provides an explanation to the entropy staircase 1 . Here, however, we want to 
extend our analysis to the implications of this distribution of states for black hole radiation. We will do this in the 
next section. 



Considering all states contained in a certain area interval, in order to compute microcanonical entropy, gives rise to the discrete jumps 
when, while displacing it, this interval changes from containing one peak to the next one (provided that the width 28 of the interval is 
chosen to be equal to the spacing A A between peaks). For the area regions at which the interval keeps containing the same peak the 
entropy remains constant. 
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III. QUALITATIVE SPECTROSCOPICAL ANALYSIS 



The issue of obtaining a qualitative picture for the black hole radiation spectrum arising when quantum effects 
are considered was addressed by Bekenstein on the basis of some heuristic arguments. Let us briefly review the 
conjectured results (all the details can be found in The adiabatic invariance properties of the horizon area lead 

to its quantization in the sense of Ehrcnfcst's principle 

a n = f(n) n= 1,2,3,..., (4) 

where a n is the horizon area spectrum and f(n) is a positive, monotonically increasing function. On the basis of the 
analysis of a quantum version of a Christodoulou process [l9( , an evenly spaced spectrum of the type 

a n = Anl 2 p In k (5) 

is proposed, where k is a positive integer and the 4 In k factor arises from consistency with the entropy-area law. This 
spectrum is based on 'semiclassical' considerations and Bckcnstcin's conjecture establishes that it holds for all area 
regimes. 

Taking into account the minimal change in area, and considering the corresponding transition between two con- 
secutive area eigenstates, one can give the frequency of the transition assuming the Bohr's correspondence principle 



This was done by Bekenstein and Mukhanov in [20| . They considered this frequency as the minimal emission frequency; 
black hole radiation should occur in integer multiples of this fundamental frequency, giving rise to a discrete spectrum. 

Here we are going to do some similar qualitative considerations but on the basis of the results obtained from the 
Isolated Horizon quantization framework in Loop Quantum Gravity. This framework is valid for (locally) stationary 
horizons, and the dynamics that would be responsible of the radiation process is not implemented. However, we can 
make a spectroscopical analysis at the kinematical level, considering transitions between stationary initial and final 
horizon states (in the spirit of atomic spectroscopy with the time independent Schrodingcr equation). 

In a first step we arc going to neglect the detailed structure of the spectrum and consider only the peaks as allowed 
values of area. This will give a picture compatible with the Bekenstein and Mukhanov works in a first approximation. 
However, some qualitative differences will arise when considering the black hole state spectrum a little more in detail. 
Of course, a more comprehensive study considering the structure of the bands in full detail is needed in order to 
unravel the precise behavior of black hole radiation within this framework, but we will leave this complete study for 
further investigation. 

Therefore, in a first approximation we can consider the relation 

AA = 7 X 4 (7) 

as defining an equidistant area spectrum for the horizon. This is analogous to considering that the black hole has 
permissible states only for those values of area corresponding to the peaks of the bands. This equidistant area spectrum 
will provide us with a fundamental frequency, corresponding to transitions between two consecutive peaks, and allowed 
transitions (decays) would imply integer multiples of this frequency, in the spirit of Bekenstein and Mukhanov's work. 
We can analogously extract a frequency from our fundamental area interval ([7]). We then obtain 

LQG _ IX jo\ 

Then, within this approximation, one recovers in a very precise way the Bckenstein-Mukhanov's picture for black 
hole radiation arising from LQG in a natural way, but with a slightly different value for loq as they do. We have an 
equidistant area spectrum with the only difference of the area gap, so an analogous analysis can be made. 

However, we do not have states only at the peaks. The values of area corresponding with the peaks are statistically 
preferred, but not the only allowed values. Thus, there is a very important difference between the physical conclusions 
that one can extract from the Bekenstein-Mukhanov picture and from the simplified model considered here. While the 
former implies the discreteness of the black hole radiation spectrum, the latter is to be seen only as a simplification 
of a much more intricate structure. We can only say that there are some statistically preferred transitions, in the 
sense of Fermi's Golden Rule. Then, our frequency, and its integer multiples, are not meant to be the only emitted 
frequencies, but some brighter lines sticking out from an almost continuous spectrum. This brighter lines would not 
be thin and sharp, but rather broad and smooth, as one can expect from the structure of The exact details of 
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this broadening should be obtained when performing the complete spcctroscopical analysis, which will be carried out 
elsewhere. 

Moreover, the fact that the frequencies of this brighter lines are proportional to 7 could open a window to the 
observational determination of the value of this parameter, and furthermore, since the relation ([3]) is 'model indepen- 
dent', also of the appropriate choice of horizon states. Besides, given that the fundamental frequency u>o is near the 
peak of the black body spectrum [20l |. this effect should, in principle, be observable. Though in principle, one should 
be still quite far from the possibility of performing such observations, it is worth to comment on such a hypothetical 
contact point with observation. 

IV. REMARKS AND CONCLUSION 

Let us conclude with some remarks. In our analysis we are assuming that a black hole can undergo a transition 
from any configuration to any other one with the only condition that the final state belongs to a lower area band 
(transitions within the same band would imply no change in entropy, and then would be reversible processes that can 
not be seen as producing radiation). This includes changes in the total number of punctures (both increasing and 
decreasing) as well as changes in the values of the labels of punctures (again, both increasing and decreasing). 

It is important to distinguish our model from others that have appeared in the literature, such as [Til ] . where brighter 
lines on a continuous spectrum are also obtained, but on the basis of quite different considerations. In that work 
it is argued that the Isolated Horizon framework does not produce any quantum gravity imprints in the black hole 
radiation spectrum, in contrast with the present result. Furthermore, in [ill ] decays of the black hole are supposed 
to be produced by sequences of individual transitions of punctures, in which each of the involved punctures looses 
part of its contribution to the area by decreasing the value of its quantum labels. This is an additional assumption 
introduced by hand, as the dynamics of the transition process is unknown. Here we are taking into account all possible 
transitions in a much more general way, as explained above. 

In this sense, we are considering the black hole as a system which can take some microscopical configurations 
(microstates in the statistical sense) that are equally probable. Punctures have not an individual identity and are 
not to be seen as a kind of particles [2l[ ■ A (quantum) black hole is not a system that can be decomposed into these 
individualities, it only makes sense as a whole. Transitions of the black hole should then be considered in this general 
way, between any two possible microstates, and should not be restricted only to those implying individual decays of 
punctures. 

In conclusion, we have argued that the Isolated Horizon framework in LQG gives rise to some quantum effects in the 
black hole radiation spectrum at the kinematical level for a low horizon area regime. These effects can accommodate, in 
a first approximation, the equidistant area spectrum for black holes conjectured by Bekenstein with the corresponding 
entropy discretization. Nevertheless, the physical consequence that one can extract when studying the spectroscopy 
is not the discretization of the radiation spectrum and the appearance of a minimum emission frequency (as in the 
Bekenstein-Mukhanov scenario). The imprint of quantum gravity effects in Hawking radiation (for microscopic black 
holes) within this framework is manifested in the emergence of some equidistant brighter lines over a continuous 
background spectrum. One can only speculate that such an effect could be searched in some microscopic black hole 
candidates (such as GRB's) [22|. The hypothetical appearance in their spectrum of these qualitative effects could 
be an indication of the validity of the model presented here and the frequency of these brighter lines (specifically, 
the fundamental frequency u>o, if found) could also be used to give an (indirect) observational determination of the 
Barbero-Immirzi parameter. 
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